The acetabular labrum of the hip (ALH) is recognized as a clinically important structure, but knowledge about the pathophysiology of this fibrocartilage is scarce. In this prospective study we determined the prevalence of ALH calcification in patients with end-stage osteoarthritis (OA) and analyzed the relationship of cartilage calcification (CC) with hip pain and clinical function. Cohort of 80 patients (70.2 AE 7.6years) with primary OA scheduled for total hip replacement. Harris Hip Score (HHS) was recorded preoperatively. Total ALH and femoral head (FH) were sampled intraoperatively. CC of the ALH and FH was analyzed by high-resolution digital contact radiography. Histological degeneration of the ALH (Krenn-Score) and FH (OARSI-Score) was determined. Multivariate linear regression model and partial correlation analyses were performed. The prevalence of cartilage calcification both in the ALH and FH was 100%, while the amount of CC in the ALH was 1.55 times higher than in the FH (p < 0.001). There was a significant inverse regression between the amount of calcification of both the ALH and the FH and preoperative HHS (b ALH ¼ À2.1, p ¼ 0.04), (b FH ¼ À2.9, p ¼ 0.005), but pain was influenced only by ALH calcification (b ALH ¼ À2.7, p ¼ 0.008). Age-adjusted, there was a significant correlation between cartilage calcification and histological degeneration (ALH: r s ¼ 0.53, p < 0.001/FH: r s ¼ 0.30, p ¼ 0.007). Fibrocartilage and articular cartilage calcification are inseparable pathological findings in end-stage osteoarthritis of the hip. Fibrocartilage calcification is associated with poor and painful hip function. Clinical significance: ALH fibrocartilage appears to be particularly prone to calcification, which may explain higher pain levels in individuals with a high degree of ALH calcification independent of age and histological degeneration. ß
Osteoarthritis (OA) is a major health problem in aging populations, 1 causing chronically progressive pain and disability in affected joints. 2 While it is well recognized that OA affects the whole joint as an organ, involving multiple tissues next to hyaline cartilage, namely fibrocartilage, subchondral bone, the synovium, the joint capsule and periarticular ligaments, and muscles, 3 the etiology of primary OA remains largely unknown. Interestingly, and mainly for unknown reasons, there is a poor correlation between pain intensity and the radiological degree of joint degeneration. [4] [5] [6] It is known that the joint capsule, ligaments, periosteum, and subchondral bone are innervated by primary nociceptors, while hyaline cartilage is not. [7] [8] [9] Unlike articular hyaline cartilage, fibrocartilage is highly innervated by nociceptors and has been suggested as a relevant source of pain in hip and knee OA, while the underlying mechanisms remain poorly understood. [10] [11] [12] [13] [14] [15] [16] [17] [18] The labral fibrocartilage of the hip may deserve further study in this context. Recently, it was demonstrated that labrum cells are metabolically active fibrochondrocytes similar to meniscal chondrocytes, which are capable of producing proinflammatory cytokines and react to proinflammatory stimuli that can drive cartilage degeneration. 19, 20 In addition, it is well known that OA in general is associated with ectopic cartilage calcium crystal deposition. [21] [22] [23] [24] [25] As such, cartilage calcification (CC) of the hyaline cartilage is detectable in 100% of hip and knee joints with endstage OA. 26, 27 In vitro and preclinical data demonstrate that calcium crystals can induce intra-articular proinflammatory pathways and release nociceptor stimulating substances, such as prostaglandins, cyclooxygenases, and NO. [28] [29] [30] [31] Thus, calcium crystals may be involved in generating joint pain. 32 While calcification of the meniscal fibrocartilage in knee OA is well described 33, 34 little is known about calcification of the acetabular labrum of the hip (ALH) in OA. 35, 36 Since crystal formation starts in the nano-to micrometer range, a high-resolution imaging technique, such as digital contact radiography (DCR) is required to obtain reliable information about ALH calcification. 37 Unlike for the meniscus, to our knowledge there is no study in the literature that reports the prevalence and amount of ALH calcification in joints with hip OA by ex vivo highresolution imaging.
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The current study is based on the hypothesis that ectopic ALH fibrocartilage calcification may play a role in hip joint degeneration and in mediating pain in the osteoarthritic hip. Specifically, here we determined the prevalence of ALH calcification in patients with endstage osteoarthritis and analyzed the relationship of cartilage calcification with age, hip degeneration, pain, and clinical function.
METHODS
Eighty patients with primary end-stage OA of the hip according to ACR criteria 38 who underwent total hip replacement at our institution between January and September 2014 were included in this prospective study. The mean age was 70.2 years (AE7.63 SD, range 47-84). None of the patients had evidence of previous surgical intervention or trauma of the affected hip joint. Forty-six of the patients were female and 34 male. In 33 cases, surgery were performed on the right and in 47 cases on the left hip. The study was approved by the local Ethics Committee of the Medical Association Hamburg, Germany (Ärztekammer Hamburg, PV4640) and is in compliance with the Helsinki Declaration. All patients included in this study gave informed consent for participation prior to the operative procedure. Preoperatively, the radiological evaluation was carried out with standard anteroposterior (AP) (Fig. 1A) and axial views of the pelvis and the affected hip. Preoperative clinical status was documented by the Harris Hip Score (HHS), 39 in which the maximum of 100 points stand for normal unrestricted hip function and values below 70 points indicate a serious functional deficit. Biometric and clinical characteristics of the patients are listed in Table 1 .
Sample Preparation
Femoral heads and a part of the anterior-lateral labrum were obtained from each patient intraoperatively. On the day of surgery, any soft tissue was removed from the femoral head and the acetabular labrum. For FH analysis, 4 mm bone and cartilage slabs were cut in the central coronal and axial planes, resulting in three standardized (central, anterior, and posterior) slabs per sample.
Digital Contact Radiography (DCR)
Bone-cartilage slabs of the femoral head (FH) and the part of the acetabular labrum of the hip (ALH) were washed with physiological saline solution to remove residual bone debris. 
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Standardized radiographs were taken (25 kV, 3.8 mAs, film focus distance 8 cm) using a high-resolution digital radiography device (Faxitron X-Ray, IL) (Fig. 1A) . Quantitative computerized analysis of the areas of cartilage mineralization of the bone-cartilage slabs was performed with standard software (ImageJ 1.46, National Institutes of Health, Bethesda, MD) as published previously. 25, 26, 27, 40 For each of the three slabs the percentage of cartilage calcification was determined by dividing the measured area of calcification by the total cartilage area per slab. From the percentage of cartilage calcification of each of the three slabs subsequently the mean value of cartilage calcification of the femoral head was calculated. The mean amount of cartilage calcification was then regarded to be representative for the entire femoral articular surface. The acetabular labrum was analyzed by dividing the measured area of calcification by the total fibrocartilage area of the ALH.
Histologic Assessment
A standardized histological assessment was performed for each specimen. A sample of hyaline cartilage was cut tangential to the subchondral bone plate of the loadbearing zone of the femoral head. A full diameter specimen was prepared from the fibrocartilage of the ALH. All 
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RESULTS
Prevalence of Fibrocartilage and Hyaline Cartilage Calcification of the Osteoarthritic Hip
A representative example of a standard AP X-ray of the hip joint with the corresponding high-resolution digital radiography (DCR) image of the ALH (fibrocartilage) and a standardized 4 mm thick cartilagebone slab of the FH (hyaline cartilage) are shown in Figure 1A . Calcification was detected in 20.0% (16/80) of the ALH and in 3.8% (3/80) of the FH samples by native X-ray AP projections. There was no significant difference for gender (ALH 21.7% (10/46) in females and 16.7% (6/36) in males (p ¼ 0.93); FH 2.2% (1/46) in females; and 5.9% (2/34) in males (p ¼ 0.25). In contrast to X-ray, when DCR analysis was performed, a prevalence of 100% (80/80) was found both for the ALH and for the FH (Fig. 1B) , demonstrating significant differences in the prevalence as detected by DCR versus X-ray imaging (p < 0.001) (Fig. 1B) . The prevalence of CC of the ALH was significantly higher than that of the FH as detected by X-ray (p ¼ 0.004) but not by DCR (p ¼ 1). In order to confirm that CC identified by DCR actually represented calcium-phosphate crystal depositions, von Kossa staining was performed. Figure 2 shows representative examples of the DCRimages of the ALH and FH samples and the corresponding histological images of two individuals.
Quantitative Analyses of Acetabular Labrum and Femoral Head Calcifications
DCR was applied to determine the amount of CC per tissue volume unit and expressed in %. The amount of CC in the ALH was significantly higher than in the FH by a factor of 1.55 (p < 0.001) (Fig. 1C) . The amount of CC in the ALH was 3.21% (AE8.80 SD, range 0.004-55.34%) and in the FH 0.57% (AE0.58 SD, range 0.005-2.47%). There was no difference in the mean amount of CC in ALH (p ¼ 0.93) and FH (p ¼ 0.25) for gender. There was no correlation between the mean amount of CC in the ALH and the FH (r s ¼ 0.18, p ¼ 0.12).
Correlation Between Labral Fibrocartilage and Femoral Head Cartilage Calcification and Histological Degeneration Adjusted for Age
In this study group of individuals with clinical and radiological end-stage osteoarthritis of the hip, histological degeneration of the fibrocartilage of the ALH was ! grade 2 (Krenn-score: 0-3) in 86.3% (69/80) and of the hyaline cartilage of the FH ! grade 3 (OARSIscore: 0-6) in 85.0% (68/80) ( Table 1) .
After adjustment for age there was a correlation between the amount of CC of the ALH and the histological degeneration grade of the ALH (r ¼ 0.53, p < 0.001) (Fig. 3A) and between the amount of CC of the hyaline cartilage of the FH and the histological degeneration grade of the FH (r ¼ 0.30, p ¼ 0.007) (Fig. 3B) .
No Correlation Between Cartilage Calcification and Age Adjusted of Histological Degeneration
There was a significant correlation between the amount of CC of the ALH and age (r s ¼ 0.26, p ¼ 0.02). This correlation was no longer found after adjustment for histological degeneration grade (r s ¼ 0.10, p ¼ 0.56) (Fig. 3C) . There was no correlation between the amount of CC of the hyaline cartilage of the FH and age (r s ¼ 0.26, p ¼ 0.98). After adjustment for histological degeneration grade there was still no correlation between the amount of CC of the hyaline cartilage of the FH and age (r s ¼ À0.02, p ¼ 0.59). (Fig. 3D) .
Preoperative Clinical Function of the Hip Joint and Pain (Harris Hip Score)
The mean preoperative HHS for all patients was 48.2 points (AE14.5 SD, range 10-80) ( Table 1 ). There was no significant difference in the preoperative HHS for gender (p ¼ 0.55). Preoperative pain as a subcategory of the HHS (maximum 44 points, 0 ¼ severe pain and 44 ¼ no pain) was 14.6 points (AE6.9 SD, range 0-30). There was no significant difference in the preoperative pain for gender (p ¼ 1.0).
Impact of Cartilage Calcification on Preoperative Pain and Function
In order to analyze whether ALH calcification may play a relevant role in the functional deterioration of the osteoarthritic hip and particularly as a potential source of OA-associated hip pain independent of radiological and histological OA severity, we used a multivariate linear model to analyze the influence of age, histological degeneration grade and the amount of CC on preoperative hip function (HHS) and pain (HHS subcategory). There was a significant inverse regression between the amount of CC of both the ALH and the FH and preoperative HHS (b ALH ¼ À2.1, p ¼ 0.04), (b FH ¼ À2.9, p ¼ 0.005). Patients' age (p ¼ 0.08) and the histological degeneration grade of the ALH (p ¼ 0.48) and FH (p ¼ 0.49) had no significant influence on the preoperative HHS (HHS of 100 represents a normal unrestricted hip function) ( Table 2 ).
In addition, there was a significant inverse regression between the amount of CC in the ALH (b ALH ¼ À2.7, p ¼ 0.008) and pain (as a subcategory of the HHS with low values corresponding to high pain levels), but not between the amount of CC in the FH hyaline cartilage and pain (p ¼ 0.06). Moreover there was no association between patients' age (p ¼ 0.09) or histological degeneration grade (ALH: p ¼ 0.57 / FH: p ¼ 0.54) and pain ( Table 2) .
DISCUSSION
Here, we show that calcification of both the ALH fibrocartilage and the FH articular cartilage is highly prevalent in end-stage osteoarthritis of the hip and correlates with the degree of cartilage degeneration. While the amount of calcification in both types of cartilage correlates with clinical OA severity and declining hip function, calcification per unit of tissue volume is higher in the ALH fibrocartilage and only ALH fibrocartilage calcification appears to be associated with preoperative pain levels. This study identifies the ALH as a key tissue in CC of the osteoarthritic hip and ALH calcification as a possible player in mediating otherwise unexplained differences in pain levels in hip OA.
The high prevalence of ALH calcification of 100% that we found here was unexpected. The only previously published study that has systematically analyzed ALH calcification was done in 106 hip joints of 66 mostly non-osteoarthritic individuals (18-59 years) by CT analysis 35 and described CC of the ALH in 18% (19/106). These roughly 20% correspond well to the prevalence that we have found here by native AP X-ray views. The fact that in the identical samples we detected ALH calcification in 100% by DCR confirms the requirement of high resolution imaging for the effective identification of fibrocartilage calcification of the hip. With regard to FH calcification, the current study supports findings by Fuerst et al. 26 who have shown before that the preoperative clinical status of the hip joint (HHS) in end-stage OA is associated with the amount of CC in the hyaline cartilage of the hip. A key finding of the present study is the difference between the amount of cartilage calcification in the ALH and FH by the factor 1.5 and the fact that ALH calcification but not FH calcification was associated with preoperative hip pain levels. Possible explanations for more calcification of fibrocartilage over hyaline cartilage may include a higher cellular density and metabolically more active fibrochondrocytes than articular hyaline cartilage chondrocytes. A higher local concentration of calcium crystals in the ALH could lead to increased release of nociceptor stimulating substances, such as prostaglandins, cyclooxygenases, and NO [28] [29] [30] [31] within the fibrocartilage tissue, which densely innervated, [12] [13] [14] [15] [16] [17] [18] leading to a predominant role of calcified ALH as a pain mediator in hip OA. 5 It is a well-known phenomenon that there is a poor correlation between the radiographic severity of hip OA and subjectively perceived intensity of hip pain. 6 Based on the present findings from this study, one conceivable explanation for this could be found in varying levels of ALH calcification independent of the degree radiographic severity. Accordingly, future studies will have to test whether individuals with radiologically mild hip OA but high pain levels are actually afflicted by high levels of ALH cartilage calcification. However, the mechanism of how calcium crystals exacerbate pain remains incompletely understood 32 and this relationship would need further study in vivo and in vitro.
There are some limitations to this study. The size of resected the ALH sample varied according to the degree of degeneration. Moreover, the standardized slab specimens of the FH reflect representative planes, but in absolute terms only a small part of the articulating surface of the FH. Therefore, to minimize room for error, we worked with the amount of CC in percent of each sample and did not work with absolute values. In addition, preoperative pain of the hip was recorded as part of the HHS only and pain data therefore will require future biochemical and clinical studies with various ways of pain assessment to further substantiate the present results. Despite these limitations, this study reveals solid data that shed new light on ALH fibrocartilage calcification in hip OA.
Taken together and in conclusion, we put forward the hypothesis that calcification of the ALH is a process that is invariably associated with end-stage hip OA, plays a role in the pathogenesis of ALH degeneration and is closely related to pain generating pathways in OA.
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